A non-dimensional impeller design procedure, including the effect of inlet prewhirl, is described. It is shown that the basic non-dimensional parameters commonly used to present the performance of compressors also provide an adequate basis from which a conceptual design procedure can be developed. The adoption of composite non-dimensional groupings such as specific speed and specific diameter are unnecessary. The design procedure is developed non-dimensionally to provide the appropriate impeller geometry as a ratio of the outer radius, and inlet and discharge blade angles. A compressor design for a pressure ratio of 4 to I is used to provide an illustrative example.
I INTRODUCTION
The automotive diesel engine continues to demand increased pressure ratio from the turbocharger. Proposed emissions legislation means that more air must be made available for combustion and hence higher boost pressures are necessary. These requirements, together with the need for fuel efficient engines which can operate over a wide speed range, lead to a turbocharger requirement not only for high pressure ratio but also for a broad operating range between surge and choke and with good efficiency. Gas turbine experience and attempts to develop single stage compressors with pressure ratios of up to 12 to I have shown that operating range is inextricably reduced as pressure ratio is increased. Morris and Kenny (1968) , and Schorr et 0/ (1971) .
The design of a turbocharger is constrained by a number of non-aerodynamic considerations. These include cost, overall frame size, inertia of the rotating components, and general durability, (McCutcheon (1978) , and Flax ington and Mahbod (1990) ). To obtain increased pressure ratio through increased impeller tip speeds will eventually mean that cast aluminium alloy impellers will have to be replaced with alternative metals such as titanium with a consequent increase in cost. Current requirements, however, are for pressure ratios which can be achieved at rotational speeds suitable for aluminium impellers, and the need to switch to alternative materials is not yet overwhelming. If impeller tip speed is considered to be limited by stress considerations then increased pressure ratio can only be achieved by reducing the magnitude of the impeller discharge blade backsweep. This will lead to a reduction in operating range which could possibly be recovered through the application of positive swirl at impeller inlet. This in torn, in the absence of the ability to increase blade tip speeds, will lead to the necessity to further reduce the discharge blade backsweep in order to achieve the desired pressure ratio.
The alternative approach of increasing the blade speed, through the application of alternative materials, will lead to the design of a transonic inducer, Flaxington and Mahbod (1990) , and this, as shown by gas turbine design, will lead to a reduction in operating range. Again the application of inlet prewhirl can be considered in order to reduce the inlet relative Mach number and increase the operating range.
The ramifications of these and other design options is not clear and it is worth reconsidering the fundamental aerodynamic design of the turbocharger compressor in order to provide a framework from which design options can be assessed as pressure ratio requirements increase.
The conceptual design of a turbocharger compressor to achieve a pressure ratio of 4 to 1 with a limited impeller tip speed is considered. Thedesign analysis is developed fully non-dimensionally and includes consideration of the application of prewhirl. The classical application of dimensional analysis to the basic parameters which influence the behaviour of a turbomachine reduces the number of parameters involved from 10 to 6, see Whitfield and Baines (1990) . If in addition the application is restricted to a single working fluid, and the effect of Reynolds number is considered to be small the number of non-dimensional groups can be reduced to 4 to give the functional relationship
NOTATION
The influence of the Reynolds number on compressor performance has received considerable attention (Wiesner 1979 , Casey 1985 , Snub et al 1987 , and Wright 1989 and should not be generally neglected; however, for an initial design study it can be considered to be a secondary influence. These basic non-dimensional groups are simple ratios of a parameter to a reference parameter, usually based on the inlet stagnation conditions. These basic groups are often combined to yield alternative parameters, for example the temperature ratio is usually combined with the pressure ratio and replaced by the more useful total-to-total isentropic efficiency through the relationship
In addition the non-dimensional groups are often "simplified for convenience" by presenting them in a dimensional form. This practice will not be followed here; non-dimensional groups will be strictly adhered to and the fundamental parameters considered to be
These parameters are widely adopted for the presentation of compressor performance, with pressure ratio and efficiency presented as functions of non-dimensional mass flow rate and impeller speed.
This classical non-dimensional analysis employs the impeller outer diameter as a characteristic dimension, and can be applied to a range of geometrically similar machines. When, however, design is considered the design options will not be geometrically similar and the major dimensions of the impeller must be considered in addition to the overall size. The inclusion of these dimensions transforms Eqn.1 to f (PR irt"0,M.,ri lr2,rm/r2,62/r2,1302, Pais) 
Increased efficiency, through improved design, leads to a reduction in impeller speed, isiv, for any desired pressure ratio, or, if stress levels will permit, the ability to adopt increased blade backsweep. For design purposes the pressure ratio need not be treated as a variable as a single specific magnitude is required. For any design pressure ratio Eqn.2 can be rearranged to give q, = f (0, M" r12/r2, rih/r2, b2/r2, On, B (3) The application of dimensional analysis reduces the number of variables to be considered, but the further simplifying step of geometric similarity is not available. The designer must find the combination of non-dimensional parameters which will either maximize the efficiency or provide a satisfactory compromise with any other restraints, such as impeller size and speed limitations.
For the design process the pressure ratio is a fixed objective, the non-dimensional impeller tip speed M t, is filed through stress considerations, a design target efficiency must be specified, and it remains for the designer to select the non-dimensional mass flow rate, 0, from which the most appropriate design must be developed. The additional specification of the desired mass flow rate and inlet stagnation conditions enables the impeller outer diameter to be derived from the non-dimensional mass flow rate. It should be noted that the additional specification of any dimensional parameter, for example the rotational speed, will severely restrict the design options available.
Some designers make extensive use of the alternative parameters of specific speed and specific diameter (Balje 1962 and 1981 , Rodgers and Langwonhy 1974 , and Rodgers 1980 whilst others are either critical of this approach (Vavra 1970) or adopt a direct dimensional design procedure (Osborne eta! 1975, and Came 1978) . Specific speed is not used directly here, however, it is presented for comparison purposes through the definition = / OjIAh (4) Specific speed, like efficiency, is a composite parameter, being constructed through a combination of the basic non-dimensional parameters of Eqn.1 and as such is not a simple ratio of a parameter to a reference condition. It can be shown that specific speed is given by (0//lia ) lartli2/0p/2)3m where the blade loading coefficient, ty , is given by ah," 2
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It should also be noted that the volume flow rate Q is defined at the inlet stagnation conditions, i.c. Q = . From Eqn.5 it can be seen that specification of the specific speed is tantamount to specifying the non-dimensional mass flow rate as all other parameters are fixed by the design requirements. As the non-dimensional mass flow gives the mass flow per unit frontal area directly it is to be preferred to the somewhat obscure specific speed. A compressor application wishing to minimize impeller size would have to maximize the non-dimensional mass flow rate.
Specific speed is, however, commonly defined with the volume flow rate defined at the inlet static conditions, i.e Q = Galvas (1972) . In this case the alternative specific speed, n., is related to that of Eqn.5 through The relative merits of the alternative definitions are considered further in Section 5.
DESIGN CONSIDERATIONS
A compressor designed to deliver a pressure ratio of 4 to 1 is considered. The conceptual design procedure must develop the overall dimensions of the impeller in terms of the appropriate diameter ratios and inlet and discharge blade angles. To achieve this objective the designer must specify other parameters during the design analysis and must also derive additional parameters in order to assess the likely success of the design proposals. For the design procedure described here the following parameters are specified Stage efficiency • A target stage total to total efficiency of 75% is assumed and maintained constant. An efficiency of 74% was shown by McCutcheon(1978) at a pressure ratio 4 to 1. Failure to achieve the target efficiency, or the specification of a lower magnitude, will lead to the necessity to reduce the discharge blade backsweep or, if possible, increase the impeller tip speed in order to achieve the target pressure ratio. Whilst efficiency is specified it should still be bourne in mind that a primary objective is to maximize the efficiency, and the design should be developed with a view to minimizing the energy dissipation due to the main loss generating mechanisms such as impeller incidence, passage friction, impeller shroud tip clearance, and separation due to diffusion in the impeller passage.
Non-dimensional impeller tip speed Here a magnitude of 1.5 is generally adopted, however, alternative speeds are considered. It is felt that a magnitude of 1.5 is acceptable for the application of current aluminium alloys. For a compressor designed for a pressure ratio of 3.72 McCutcheon (1978) adopted a non-dimensional tip speed of 1.41 with a maximum of 1.72 and a burst speed of 2.4.
Absolute flow angle at impeller discharge The optimum absolute flow angle at impeller discharge is often quoted to lie between 60 and 70 degrees, Rodgers and Langwonhy (1974) and Osborne et 01 (1975) . A magnitude of 65 degrees is generally adopted here, with the effect of alternative magnitudes assessed. A large magnitude for the absolute flow angle will lead to a long flow path through the following vaneless diffuser with a consequent increase in losses and possibly stall and separation leading to surge.
Impeller efficiency It is necessary to.specify a magnitude for the impeller efficiency so that the fluid properties can be established at impeller discharge, through which the discharge flow area and hence blade height can be established. A magnitude of 85% has been adopted.
Inducer hub-shroud radius ratio As the inducer hub imposes a blockage to the flow it is desirable to minimize its size. The diameter of the hub is controlled by mechanical considerations and the necessity to provide sufficient circumferential space to accommodate the desired number of blades. A magnitude of 0.4 has been applied, a smaller value will lead to a beneficial reduction in Mach number for any specified flow rate.
Optimum incidence angle The inlet design conditions are considered in terms of the relative flow angle and it is necessary to specify an optimum incidence angle in order to derive the blade angle.
Slip factor
For the initial design analysis it is not necessary to specify a slip factor. The design can be developed in terms of the relative flow angle at impeller discharge and the slip factor introduced at a later stage to transform the relative flow angle to the actual blade angle, Whitfield (1991). The uncertainties associated with the slip factor can, therefore, be left to a later stage in the design process. It is, however, the blade backsweep which is important mechanically and in order to transform the relative flow angle into the blade angle a slip factor of 0.85 is generally adopted.
DESIGN PROCEDURE
The impeller inlet and discharge velocity triangles are developed for a series of specified impeller radius ratios for any given non-dimensional mass flow rate, 6 , and parameters as defined in the previous section. As the design procedure is developed fully non-dimensionally it is not necessary to specify the mass flow rate and inlet stagnation conditions. Velocities are established in terms of the Mach number, and the impeller geometry in a form non-dimensionalized by the discharge radius.
Inducer conditions
From the geometry of the inducer tip velocity triangle it is possible to develop an array of alternative inlet Mach numbers through the specification of the absolute and relative flow angles, provided the inducer tip speed can be quantified. From the non-dimensional speed of the impeller the inducer tip speed is given by Ut, r" U2 ( y-1 2 )1a a, r2 ao ,
is
Clearly the inducer tip Mach numbers can be established, for a specified radius ratio, through the specification of a range of absolute and relative flow angles. The radius ratio, however, can be established in terms of the impeller non-dimensional mass flow rate.
Application of the continuity condition leads to the non-dimensional mass flow rate at impeller inlet as
It should be noted that with the application of inlet prewhirl the continuity equation as applied in Eqn.8 assumes that the axial component of velocity does not vary with radius. This is only true if the prewhirl is of the free vortex type. For other prewhirl vortices it is necessary to apply an integration from inducer hub to tip in order to derive the mass flow rate in terms of the absolute Mach number. This has been done for both a solid body and constant angle prewhirl and yielded very similar results to those presented here.
The impeller non-dimensional mass flow rate is then given by INLET MACH NUMBER
Fig.1 INLET MACH NUMBER ZERO PREWHIRL
Equations 7 and 9 can be combined with the geometry of the velocity triangle to derive the absolute and relative Mach numbers for any given range of absolute and relative flow angles, provided the non-dimensional mass flow rate, 6 , is specified, see Figs.1 and 2. These also show the contours of relative flow angle, and each plotted point represents a radius ratio specified in 0.02 increments. In order to minimize impeller incidence and passage friction loss, and ensure adequate flow range to the choked flow condition, it is desirable to minimize the inlet relative Mach number. This can be achieved through the introduction of prewhirl, and for any prewhirl angle the relative Mach number is minimized through an appropriate selection of the relative flow angle. For example with zero prewhirl the relative Mach number is minimized for a relative flow angle of approximately -60 (7) 0.2 0.15
-60 -50 13 1. -65 -55 degrees (this result is identical to that established analytically by Stanitz(1953) ), whilst with 20 degrees of prewhirl the minimum occurs at approximately -50 degrees.
The inlet relative Mach number can be minimized for any selected non-dimensional mass flow rate through the adoption of the appropriate inlet relative flow angle. The selection of the most appropriate non-dimensional mass flow rate must be based on the relative merits of minimizing the size of the impeller and minimizing the magnitude of the inlet relative Mach number. Selection of the minimum relative Mach number condition, for any non-dimensional flow rate, will lead to a comparatively low impeller radius ratio and consequently a relative small inducer and high absolute Mach number. The adoption of a high non-dimensional mass flow rate will lead to a relative Mach number in excess of one, Fig.1 , and for high pressure ratio compressors it is necessary to reduce the non-dimensional flow rate if subsonic Mach numbers are to be maintained. This will lead to an increase in the outer diameter of the impeller for any desired mass flow rate with consequent penalties in terms of impeller inertia and overall frame size. If the non-dimensional mass flow rate is increased beyond that shown, the impeller radius ratio approaches unity at the minimum Mach number condition, and it would be necessary to adopt an axial flow compressor.
An alternative approach to the reduction of the inlet relative Mach number is the introduction of inlet prewhirl, Fig.2 . In addition it can be seen that the minimum relative Mach number occurs at a relative flow angle of approximately -50 degrees. If this were accepted as the desired design point the corresponding inducer tip blade angle would be of the order of -44 degrees if the optimum incidence angle is considered to be 6 degrees. The magnitude of the impeller radius ratio at the minimum relative Mach number condition is also slightly reduced and the absolute Mach number increased.
It is interesting to note that the contours of non-dimensional mass flow rate are also contours of specific speed for any specified design pressure ratio and impeller efficiency. The specific speed for each of the non-dimensional mass flow rates of Fig.! When used to correlate compressor performance specific speea is derived at the peak efficiency point only, and the resultant correlation provides the specific speed which will yield the largest peak efficiency. However, for that, or any other, specific speed a wide range of impeller designs, in terms of radius ratio and inducer blade angle, are possible. The range of options can be narrowed by designing at the minimum relative Mach number condition. In this case the impeller design radius ratio increases with 0, i.e with specific speed, and the efficiency/specific speed correlation provides guidance to the choice of 0 and hence radius ratio. However, as 0 and specific speed are directly related, specific speed, irrespective of the definition adopted, has nothing to offer over the basic non-dimensional mass flow parameter. By designing through the non-dimensional mass flow rate the impellerdischarge diameter can be established for any desired flow rate and inlet stagnation conditions. Acceptance of the minimum inlet relative Mach number condition then leads to the inducer diameter, and the inlet relative Mach number from which the blade angle can be derived. The effect of alternative assumptions, within the limited range available, for impeller tip speed and inducer hub to tip radius ratio can be rapidly assessed. It then remains to assess the effect of the alternative designs available on the discharge conditions.
Discharge conditions
The discharge velocity triangle can be established in a similar manner to that described above. In this case the impeller tip speed Lida, can be established from -
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2
(I I)
The design pressure ratio is given by of a range of absolute and relative flow angles, and presented as shown relative flow angles are not, however, readily available to the designer.
Eqn.10, and the geometry of the velocity triangle, by the specification in Fig.3 . The full range of options represented by the absolute and The discharge Mach numbers can then be established through 7-(ER)' -1 tan 01/2 r,,C" = m2 T5(7-1) " tan a2 -tan 132 r,
For the case of zero prewhirl there is only one relative flow angle which will satisfy Eqn.12 for any specified absolute flow angle. The result of applying Eqn.12 is shown in Fig.3 as a single contour and the options available to the designer lie on this contour. Clearly the discharge Mach number, both relative and absolute, can be reduced by increasing the assumed absolute flow angle. The magnitude of the relative flow angle, and hence blade backsweep, also increases, this should be beneficial with respect to a broad stable operating range.
In order to consider the effect of inlet prewhirl the final term of Eqn.12 can only be included if the non-dimensional flow rate and impeller radius ratio are specified. A resultant contour for 20 degrees of prewhirl and a flow rate 0 = 0.1 and radius ratio r 1 jr2 of 0.54 is also included in Fig.3 . The effect of introducing prewhirl, in order to reduce the inlet relative Mach number, is to increase the absolute Mach number at discharge and reduce the degree of blade backsweep that is possible. Whilst in many respects it is desirable to reduce the magnitude of the Mach number, increasing the absolute flow angle will lead to a long flow path through the vaneless diffuser. In addition reduction of the relative Mach number may lead to excessive diffusion across the impeller, this is considered latter. Published recommendations with respect to the magnitude of the absolute flow angle lie between 60 and 70 degrees.
The results shown in Fig.3 and with the temperature ratio given by Eqn.11 the density ratio can be found through the application of the equation of state.
The non.dimensional blade height, bir2, derived through Eqn.15 is shown in Fig.4 shown are the design contours for zero and 20 degrees of prewhirl cross plotted from Fig.3 . These show the range of blade heights available to the designer for the specified design conditions. It is desirable to design for a large non-dimensional blade height in order to minimize impeller shroud clearance losses. This again indicates a large absolute flow angle with the consequences described above. The non-dimensional blade height could also be increased by the adoption of a non-dimensional flow rate in excess of the 0.1 used to derive Fig.4 .
Assessment of impeller tip speed
The results described above were all obtained with a non-dimensional impeller speed of 1.5. In order to assess the effect of alternative impeller tip speeds design calculations were performed for a fixed discharge absolute flow angle of 65 degrees and the non-dimensional speed required to achieve the desired pressure ratio was derived for a series of discharge blade angles. In this case results are presented in terms of the actual blade angle using a slip factor of 0.85.
The change in discharge blade angle, and inlet relative Mach number as the impeller speed is modified is shown in Figs.5 and 6 for a range of specified impeller radius ratios and a flow rate 0 = 0.1 . By increasing the impeller tip speed the magnitude of the blade backsweep can be increased but at the expense of increased inlet relative Mach number or reduced impeller radius ratio. The application of 20 degrees The choice of non-dimensional speed, within the constraints of stress considerations, and corresponding discharge blade angle will effect the discharge flow conditions. It is well established that the introduction of blade backsweep leads to a reduction in the magnitude of the discharge Mach number. The results shown in Fig.3 were recalculated for a constant magnitude of the discharge flow angle, a, = 65 , but with the impeller speed allowed to vary from 1.3 to 1.6; the resultant contour plot is shown in Fig.7 . Also shown are contours to represent the possible operating conditions to achieve the desired pressure ratio with assumptions of zero and 20 degrees of prewhirl. For the case of zero prewhirl the operating contour is a function of design pressure ratio and specified target efficiency only, whereas with prewhirl the result is also a function of non-dimensional flow rate and impeller radius ratio, as shown on Fig.3 . In Fig.7 relative flow angles are shown; the corresponding blade angles can be derived through Eqn.13. The results of Fig.7 show that operation at a low impeller speed, which will result in the necessity to employ forward curved blades, leads to a rapid increase in both the relative and absolute Mach numbers. At impeller speeds where backward swept blades are possible a significant reduction in absolute Mach number is shown, however the relative Mach number begins to increase rapidly at relative flow angles in excess of 50 degrees. If the design condition is selected at a non-dimensional speed and mass flow of 1.5 and 0.1 respectively, as generally adopted above, then a discharge blade angle of-2I degrees is shown for the case of zero prewhirl, and a magnitude of -11 for the case of 20 degrees of prewhirl, see Figs.5 and 6.
To obtain a discharge Mach number below 1.0 an impeller tip speed of approximately 1.52 is required with zero prewhirl, and a magnitude in excess of 1.6 is necessary if 20 degrees of prewhirl is adopted. The designer must choose between minimizing the inlet relative Mach number or the discharge absolute Mach number. A supersonic discharge Mach number is not necessarily critical provided a vaneless diffuser is adopted or the velocity is diffused to a subsonic magnitude in a vaneless space prior to the leading edge of any vaned diffuser. A high impeller inlet relative Mach number will lead to the need to design a transonic inducer and little margin to the choked flow condition in the impeller throat, and a consequent reduction in the likely operating range. For the analysis!'applied above a discharge flow angle of 65 degrees, or a range between 55 and 80 degrees, has generally been adopted. Published guidance indicates that a flow angle between 60 and 70 degrees should be selected. Beneficial effects, through the reduction of Mach numbers and an increase in non-dimensional blade height, of increasing the absolute flow angle are illustrated in Figs.3 and 4. As indicated above a large flow angle will lead to a long flow path through the vaneless diffuser with the possibility of a localized stall leading to premature surge. In order to assess the effect of modifying the absolute flow angle further the impeller diffusion factor as defined by Rodgers(1978) 
it has been applied with the inclusion of prewhirl. As the impeller design is considered fully non-dimensionally here it was necessary to develop Eqn.17 in terms of known or readily derived geometric parameters. The non-dimensional root mean square radius ratio can be shown to be given by
and the relative velocity ratio, Wu0",^2, derived.
For the third term of Eqn.I7, which represents the blade-to-blade loading, L is the blade length along the mean streamline, and has been considered here to be the quadrant of a circle of radius r, -r", %,, such that the solidity is given by = 742/2ZE L = 21(4(1 -risnisirz)) (20) The blade-to-blade loading parameter can then be derived through 2 q U2 a01
Each of the terms in the diffusion factor. Eqn. 17, can be derived and used to assess any proposed design. From his study Rodgers(1978) concluded that optimum impeller designs would have stall point diffusion factors below 0.75. With this in view the diffusion factor was calculated for a range of alternative design options, with an assumed blade number, za, of 16.
The resultant diffusion factors are presented in Figs.8 to 10 as a function of inlet Mach number and can be referenced back to Figs.1 and 2. The effect of introducing prewhirl is shown in Fig.8 for a non-dimensional flow rate of 0.1. Each plotted point represents an impeller radius ratio, decreasing from 0.8 to 0.5 in steps of 0.02 as the Mach number is increased. Reducing the radius ratio leads to a clear reduction in the diffusion factor; this is due to the reduction in relative Mach number shown in Figs. ] and 2. The introduction of 20 degrees of prewhirl also leads to a reduction in the diffusion factor, which again is due primarily to the consequent reduction in the inlet relative Mach number. The minimum diffusion factor shown in Fig.8 is 0.67 at a radius ratio of 0.52 for zero prewhirl, and 0.61 at a radius ratio of 0.54 with 20 degrees of prewhirl.
The effect of modifying the assumed absolute flow angle at impeller discharge is illustrated in Fig.9 . The disadvantage of increasing the magnitude from 65 degrees is shown through a sharp increase in the diffusion factor. For a flow angle of 70 degrees the diffusion factor exceeds 0.75, and if a broad operating range is important, as is usually the case in turbocharger applications, a magnitude below 70 degrees is required. magnitudes below 65 degrees could be considered; this will lead to a reduction in the discharge blade height, Fig.4 , and a consequent increase in clearance losses, together with an increase in discharge Mach number.
The diffusion factor as a function of non-dimensional flow rate is shown in Fig.10 for zero prewhirl. From Figs.1 and 2 it can be seen that the inlet relative Mach number increases as the non-dimensional flow rate is increased. Consequently the diffusion factor also increases as shown in Fig.I0 . With a non-dimensional flow rate of 0.15 the minimum diffusion factor is 0.76, Fig.10 , whilst the introduction of 20 degrees of prewhirl reduces this to 0.71.
DESIGN SELECTION
For this non-dimensional design procedure, with the impeller tip speed M. fixed through stress limitations, the initial parameter which must be selected is the non-dimensional mass flow, 0 . This can be based on the inlet flow conditions as illustrated in Figs. I and 2, and if a design requirement is to minimize the overall size of the machine then as large a magnitude as possible will be necessary. The consequences of selecting a specific magnitude have been illustrated in Figs.1, 2, and 10.
For any specific application the inlet stagnation conditions and the desired flow rate will be known, and the selection of a non-dimensional mass flow rate will lead directly to the diameter of the impeller, which can be combined with the impeller tip speed, M, toderive the rotational speed. lf, as is quite often theca -se, the rotational speed is fixed by the requirements of the power source the designer is limited in his ability to select the non-dimensional flow rate. Only by changing the impeller tip speed, M., within the limitations imposed by stress considerations, will the designer have any flexibility to choose the non-dimensional flow rate.
With the non-dimensional flow rate selected the impeller radius ratio and inlet relative flow angle can be calculated through Figs. I and 2. Selection then centres on the desired magnitude of the inlet relative Mach number. For good efficiency and a broad operating range it is desirable to minimize the relative Mach number, and it is possible to select a minimum Mach number condition which will lead to a specific inlet relative flow angle and impeller radius ratio. The application of prewhirl is available to effect a further reduction of the inlet relative Mach number if necessary, Fig.2 . The most significant modification due to the application of prewhirl is the movement of the minimum Mach number condition from a relative flow angle of approximately -60 to -50 degrees. This will lead to an inlet blade angle of the order of-45 degrees for an optimum incidence angle of 5 degrees. This is a much smaller blade angle than that conventionally adopted and should lead to a more open flow passage and improved choked flow rates. Prnwhirl, however, can be varied during operation and it may not be desirable to design for a fixed degree of prewhirl.
. A second, and important, consequence of the introduction of positive prewhirl is that the magnitude of discharge blade backsweep must be reduced, as illustrated in Figs increase in the discharge Mach number, and it is well established that the operating range will be reduced. One is effectively trading backsweep for inlet prewhirl, a reduction of inlet relative Mach number for an increase in discharge Mach number. Prewhirl, however, lends itself to variable geometry application albeit with additional cost and complexity.
At the impeller discharge the main parameter to be selected is the magnitude of the absolute flow angle. A commonly recommended range lies between 60 and 70 degrees. The application of the diffusion factor led to Fig.9 which shows that it would be ill advised to design outside of this recommended range. The geometric parameter to be established is the non-dimensional blade height, bjr 2, and this is illustrated in Fig.4 . Whilst a small magnitude is undesirable as it will lead to a relatively large tip clearance gap and consequent losses, a large magnitude leads to a high diffusion rate and diffusion and mixing losses. The selection of an absolute flow angle in the range 60 to 70 degrees leads to a small range for the discharge blade height. A conceptual design procedure has been developed from the basic non-dimensional parameters commonly used to quantify the performance of a centrifugal compressor. Of the four non-dimensional parameters, Eqn.1, the design pressure ratio is fixed, and a target efficiency can be specified with a view to developing the design to maximize efficiency. Of the remaining parameters the non-dimensional speed is limited by stress considerations and there is little scope for selection unless improved impeller materials are adopted. A desire to minimize compressor size and inertia of rotating components requires an impeller of minimum size. remaining non-dimensional parameter, flow rate 8 , should be maximized. This leads to high inlet relative Mach numbers, and a compromise has to be struck between impeller size and the aerodynamic requirements of high efficiency and a broad operating range.
Once the basic non-dimensional parameters have been selected the impeller geometry in the form of inlet and discharge blade angles, radius ratio r"/r,, and discharge blade height bdr,, can be developed. Selection of the minimum relative Mach number condition, or otherwise, at inlet leads to the impeller radius ratio, and inlet relative flow angle from which the blade angle can be derived. Selection of the absolute flow angle at discharge, 'based on diffusion factor considerations, leads to the discharge blade height b 2/r2, and the discharge relative flow angle from which the blade angle can be derived through the specification of an appropriate slip factor.
The proposed design can be further developed through the application of empirical loss models and correlations in order to calculate the efficiency and off design performance. However, with the restraints imposed through non-aerodynamic considerations the main parameters can only be varied through a very limited range, and it is questionable whether empirical loss models and correlations are sufficiently accurate to be able to clearly discriminate within the narrow range of options available.
